We report the synthesis and optical characterization of core/shell CdSe/CdS quantum dots (QDs) with controlled surface composition. Using secondary phosphine chalcogenide and cadmium carboxylate precursors in an alternating layer-by-layer synthetic approach, the elemental surface composition of the quasi-type-I CdSe/CdS core/shell QDs can be repeatedly tuned from predominately cadmium to predominantly sulfur, as measured by X-ray photoelectron spectroscopy (XPS). Similar to CdS and CdSe core-only QDs, the surface composition has a significant effect on the photoluminescence (PL) quantum yield: sulfur terminated QDs exhibit quenched PL, while cadmium terminated QDs have relatively bright PL. Density-functional tight-binding calculations on CdSe/CdS core/shell clusters suggest that PL quenching for sulfur-rich surfaces is the result of a high density of hole surface states in the QD bandgap. Time-resolved PL measurements confirm the QDs' nonradiative recombination rates are strongly sensitive to the surface composition.
Introduction
Colloidal semiconductor nanocrystals, commonly known as quantum dots (QDs), have been the source of much study over the past two decades, owing to a wide range of customizable features including size-dependent optical properties [1] [2] [3] . Controlled modifications of surface composition and surface passivation can be used to tune QD photophysical properties, such as photoluminescence energy and intensity [4] [5] [6] [7] . Since particle size, composition, and surface passivation can be controlled in the initial QD synthesis reaction [8] and post-synthetic workup, QDs can potentially be useful in a wide range of applications such as light harvesting for solar fuels [9, 10] and solar cells [11, 12] , displays and LEDs [13, 14] , and biological imaging [15] , labeling [16] , and cell stimulation [17] .
Due to their large surface to volume ratio, the surface of QDs has been historically recognized as integral in influencing the optical properties of colloidal QDs [6, [18] [19] [20] [21] [22] [23] [24] [25] [26] . For example, early synthetic breakthroughs that produced highly-fluorescent QDs were enabled, in part, by the discovery that phosphine ligands provided effective passivation of dangling bonds at the nanoparticle surface [27] . Subsequent development of core/shell structures (e.g. CdSe/ ZnS), dramatically enhanced QD photoluminescence (PL), PL quantum yield (QY), and particle photostability [24, 28] . Such efforts significantly advanced the potential for QDs in various technological applications and helped enable new levels of understanding in QD photophysics. Current research seeks even greater tunability and optimization of QD optical properties through surface engineering [29, 30] , such as synthesis of ''giant" shells [31, 32] and alloyed QD cores and shells [33] [34] [35] to minimize single particle PL blinking. Photophysical properties can be tuned through wave function engineering provided by type-I and type-II heterostructures [36] [37] [38] , and metallo-ligands to tune PL over broad spectral regions [39, 40] .
One historical challenge in engineering the QD surface has been achieving precise compositional control of the surface chemistry. For metal chalcogenide QDs, such control is difficult due to a limited understanding of the specific molecular reactive species of metal and chalcogenide precursors, and the mechanisms involved in QD nucleation and growth. However, recent reports suggest that by employing secondary phosphine sulfide precursors in colloidal QD synthesis (such as diphenyl phosphine sulfide (DPPS)) [41, 42] from all metal to all sulfur. Furthermore, the composition of a QD surface can also have dramatic effects on the QD optical properties; for core-only CdSe or CdS [43] QDs, when the surface is cadmium terminated the QD exhibits bright PL, however when the surface is S-or Se-terminated the PL is quenched. These effects are believed to originate from mid-gap hole states that are associated with surface S or Se atoms and that effectively trap photoexcited holes [43] .
We sought to extend these studies to core/shell CdSe/CdS QD heterostructures and investigate the effects of surface composition on their photophysical properties. In particular, such studies can provide information about the relative extent of the electron and hole wavefunctions in these nanoparticles. The simplest thinking suggests that due to the relative energy band offsets for CdSe and CdS, CdSe/CdS core/shell QDs are expected to localize the hole wavefunction in the core of the particle [44, 45] . If holes are limited in sampling the surface in a core/shell QD and the surface is the origin of the PL quenching, it is possible that changing QD surface chemistry will not significantly affect PL. Contrarily, the presence of a significant number of hole energy states in the bandgap for CdS could drive the hole toward localization on the CdSe/CdS QD surface, even though it would have to tunnel through a small energy barrier ($0.88 eV) [46] due to the CdS layer. In this case, the PL intensity should rise and fall with cadmium or sulfur QD termination.
Here, we describe the synthesis of core/shell CdSe/CdS QDs with controlled surface composition using exclusively secondary phosphine chalcogenide precursors. By adopting an alternating layer-by-layer synthetic approach [47] , the surface composition of the CdSe/CdS QD can be reversibly tuned from predominantly cadmium to predominantly sulfur [43] , as verified with X-ray photoelectron spectroscopy (XPS). Similar to previous studies on bare core QDs [43, 48] , the surface composition is shown to have a significant effect on the PL QY. Sulfur terminated QDs have dramatically quenched PL and longer fluorescence lifetimes, while cadmium terminated QDs have significantly brighter PL and shorter fluorescence lifetimes. Density-functional tightbinding (DFTB) calculations on CdSe/CdS QDs suggest the presence of a high density of hole surface states in the QD bandgap quenches PL, despite the quasi-type-I electronic heterostructure thought to effectively trap the hole in the core.
Methods

CdSe QD synthesis
CdSe QDs were synthesized using adaptations of an air-free, hot injection method as previously reported [49] . 1.0 mmol of diphenylphosphine selenide (DPPSe; 0.266 g) was dissolved in a small volume of toluene ($1-3 mL) at 60°C in an inert atmosphere. Concurrently, in a separate reaction flask, 3.0 mmol of 0.2 M cadmium oleate (Cd(oleate) 2 ; 15 mL) and a small volume of 1-octadecene (ODE; 10 mL; degassed under vacuum overnight at room temperature) were heated to 270°C. At temperature, the DPPSe/toluene mixture was rapidly injected and the temperature was dropped to 220°C. Small aliquots (0.1-0.5 mL) were removed every minute and growth was monitored by UV-visible spectrophotometry. QDs were allowed to continue growing at 220°C until the first exciton absorbance peak ceased shifting, approximately 2-5 min. When QD growth had ceased, the reaction was quenched by removing the flask from heat and applying a cool air flow to the outside of the flask. The resulting QD product was kept under a positive nitrogen flow for the shelling reactions.
CdS/CdSe core/shell QD synthesis
CdS shells were grown using variations of a successive ionic layer absorption and reaction (SILAR) method [47] . Volumes of cadmium and sulfur precursors for each full monolayer were calculated for a given diameter [50] and surface area of the core QD, accounting for increased surface area with each subsequent shell. As-prepared CdSe QD cores were kept in a flask under continuous nitrogen flow during the shelling procedure, at a temperature of 235°C. All shelling reactions began by introducing a layer of cadmium to the CdSe cores through swift injection of Cd(oleate) 2 at 235°C, and reacting for 15 min to produce cadmium terminated CdSe-QDs. We denote such species as CdSe-Cd QDs. In the same flask, a monolayer of sulfur was grown by promptly injecting either a diphenylphosphine sulfide (DPPS) or di-isobutylphosphine sulfide (DiBPS) solution, and reacting for 15 min to produce sulfur terminated CdSe-CdS (sample A), completing the first full shell. Subsequent injections were performed, alternating Cd and S until 3 full shells were grown (samples B-E), followed by an additional cadmium layer, producing QDs with the composition CdSe-CdS/ CdS/CdS/Cd (sample F). Fractions of core-shell QDs were withdrawn (0.1-0.5 mL aliquots) at the end of each 15 min reaction time (before the next injection) and diluted with hexanes. Sulfur terminated QDs synthesized using DPPS were observed to rapidly agglomerate and precipitate in hexanes, whereas the same cadmium terminated QD fractions were stable. In contrast, both sulfur and cadmium terminated QDs synthesized using DiBPS formed a stable colloid in hexanes.
Optical characterization
Absorbance data was taken using a Perkin-Elmer Lambda 35 UV/Vis spectrophotometer, and PL data were taken on a modular Acton fluorometer system. Samples were dissolved in hexanes and placed in a 1 cm square quartz cuvette. Optical densities were controlled to be between 0.01 and 0.1.
Fraction preparation
In preparation for transmission electron microscopy (TEM) and XPS experiments, aliquots in hexanes were flocculated using a 1:4:1:1:3 ratio of QDs (hexanes): acetone: ethanol: butanol: methanol. Samples were centrifuged, the supernatant discarded, and the resultant QD pellet was resuspended in hexanes.
Transmission electron microscopy
TEM images were taken with an FEI Tecnai F-20 field emission electron microscope, operated with an accelerating voltage of 200 keV. Samples were prepared as above, then dropcast onto ultrathin carbon film grids for larger QDs, or silicon nitride grids for smaller QDs.
X-ray photoelectron spectroscopy (XPS)
XPS data were taken with Al Ka as the source of incident X-rays. QDs were purified as described for the TEM measurements above. Thick QD films were drop cast on O 2 plasma-cleaned silicon wafers for XPS measurements. Gaussian functions were used to fit XPS data individually, to determine relative signals from surface or inner atoms. Due to the unique electron binding energies of Cd 3d 5/2 and 3/2 (approximately 405 and 412 eV respectively) and S 2p 3/2 and 1/2 (approximately 162 and 163 eV respectively) [51] , the relative chemical composition of the QD can be determined straightforwardly assuming a spherical QD with a core radius determined from the first exciton absorption [50] .
Subsequent shell radii can be extrapolated by the addition of unit cell dimensions of the CdS crystal [52] as confirmed by TEM analysis ( Fig. S2 ). The Cd-to-S ratios were obtained by XPS survey scans and corrected for atomic sensitivity factors [48, 53, 54] . If the amount of Cd or S atoms in a QD sample is known, based on particle size the numbers of surface atoms for Cd or S can be determined from the integrated elemental region signals from the surface versus interior XPS peaks [43, 48] . By comparing the total atoms of Cd or S to the percent of surface atoms, relative surface composition can be inferred. 
PL lifetime measurements
Computational methodology
To elucidate the role of composition on the PL intensity, we performed self-consistent charge density-functional tight-binding (SCC-DFTB) calculations. The SCC-DFTB method is based on a second-order expansion of the total Kohn-Sham energy in densityfunctional theory (DFT) with respect to charge density fluctuations. The one and two center matrix elements of the associated Hamiltonian are calculated in an explicit minimal valence basis, where the repulsive energy part is approximated by universal pair potentials, which are fitted using the data of self-consistent field calculations. The SCC-DFTB has a minimal number of input parameters by retaining the efficiency of TB approaches and has been described in detail elsewhere [55] [56] [57] [58] . This work uses the SCC-DFTB parameter set, developed recently and extensively tested for cadmium-chalcogenide systems [59] .
Results and discussion
3.1. X-ray photoelectron spectroscopy analysis of particle surface termination X-ray photoelectron spectroscopy (XPS) data from a series of CdSe/CdS core/shell QDs with alternating Cd or S surface passivation is shown in Fig. 1 . XPS is a widely-used technique for providing information about the surface composition of solid state materials [53, 54] , due to the slightly higher electron binding energies of surface atoms compared to respective bulk values [60] . Peaks assigned to interior atoms of Cd 3d 5/2 and 3/2 and S 2p 3/2 and 1/2 electrons are observed to occur at 405 and 412 eV and 162 and 163 eV respectively [43, 51] . Notably, for each interior peak there exists a peak shifted approximately 1.5 eV to higher energies due to contributions from surface atoms [60] . Generally speaking, the SILAR process worked as expected: QDs that had a terminal layer of S applied had a strong XPS signal from surface S atoms, and a minimal signal from surface Cd atoms (sample E (CdSe-CdS/CdS/CdS), as shown in Fig. 1(a) . The opposite was also observed, cadmium terminated surfaces showed strong XPS data from primarily surface Cd, and not S atoms (sample F (CdSe-CdS/ CdS/CdS/Cd) as shown in Fig. 1(b) .
Quantitative analysis of the XPS data yielded the relative amount of cadmium or sulfur atoms on the surface of the QD as described in Table 1 . The XPS data reveals that surfaces nominally terminated with sulfur have a high percentage of surface sulfur atoms (>70% S for all cases). While the Cd terminated surfaces do show a preponderance of surface Cd atoms (60-70% Cd), the fraction is not nearly as great as for the sulfur termination. This latter result is in contrast to small, similarly prepared CdS QDs (i.e. using secondary phosphine sulfur and Cd-carboxylate precursors), which showed greater than 90% of the surface atoms are Cd for a cadmium terminated CdS QD [43] . One source of error that could possibly account for the difference in the XPS data may be due to the size of the QD. For CdSe/CdS QDs, Cd atoms are located throughout the QD down to the very core. The attenuation of the XPS signals for interior atoms, and variable escape depths for different types of atoms are accounted for through an atomic sensitivity factor of the instrument, and by additional calibration to account for the differences in electron mean free paths of Cd and S [61, 62] . For these experiments, the inelastic mean free paths (k) were calculated to be $19.8 Å for Cd, and $23.3 Å for S. Thus, in the analysis for larger QDs (i.e. the ones with thicker shells where the Cd surface percentage seems ''low") the interior Cd atom XPS signal may not accurately reflect the true amount of Cd present. Another possible explanation is that the Cd or S precursors, although added sequentially, do not react to completion and addition of the other element increases the number of stoichiometric CdS units on the surface. Finally, the increasingly non-spherical particle morphology with increasing shell thickness (Fig. S2) will also contribute to uncertainties in the quantitative analysis of the surface atom percentage. Particle size analysis of TEM images shown in Fig. S2 shows agreement with predicted average particle size as determined by core size and CdS lattice parameters. While shelled QDs do demonstrate less uniform shapes as the shell thickness increases, this non-uniformity will result in only small perturbations to PL energies or linewidths, as quantum confinement of the charges in the CdSe core remains largely unaffected for sufficiently thick CdS shells.
Effects of surface composition on photoluminescence
The specific surface composition of CdSe/CdS core/shell QDs has a significant impact on the photoluminescence quantum yield (QY), as shown in Fig. 2 . When the QD is cadmium-terminated, strong PL is observed; when the QD is sulfur-terminated, the PL is quenched (Table S1 ). The quenching of PL with sulfur is a rever-sible effect: application of Cd to a sulfur terminated surface results in fluorescence recovery, while subsequent application of S to the cadmium terminated surface quenches the PL (Fig. 2) . Control experiments showed that the quenched PL from the sulfurterminated QDs is not due to a visible degradation of the structural or optical absorbance properties of the QDs, as evidenced by absorbance ( Fig. S1 ) and TEM (Fig. S2) data. Additionally, this reversible PL quenching effect does not depend on the specific identity of secondary phosphine sulfide: di-isobutyl phosphine sulfide (DibPS) and diphenyl phosphine sulfide (DPPS) showed similar results (Table S1 ).
This alternating bright-quenched PL behavior with alternating Cd or S layers is very similar to that observed in CdS [43] and CdSe [48] core-only QDs. For CdS core-only QDs, the quenching of the PL with sulfur termination was hypothesized to arise from an abundance of hole-trap states in the energy gap, similar to the effect of capping QDs with small molecules containing thiol groups [18, 63, 64] . Interestingly, it was recently shown that thiol capped CdSe/CdS QDs could have a QY > 30%, which is extremely high [65] , and may at first contradict the idea that sulfur terminated QDs have quenched PL. However, even for these CdSe/CdS QDs, which were of extremely high quality, exchanging the native phosphine caps with PEGylated-thiol ligands resulted in significant PL quenching [65] . Some PL quenching was attributed to imperfect surface passivation [65] , which must also be considered as a source of quenching in our case as well. However, for CdS QDs, DFT calculations clearly showed the appearance of mid-gap states in sulfurrich particles, which act as trap states to quench PL. We suspected mid-gap trap states could similarly act to quench the PL in CdSe/ CdS core/shell QDs. Further, it is possible that the formation of mid-gap states due to the sulfur rich surface also played a role in the PL quenching for the CdSe/CdS thiol capped QDs, and that a higher fraction of surface sulfur would have resulted in QDs displaying even more quenching. DFT calculations were performed to quantify the presence of such trap states in these particles.
Calculations of CdSe/CdS surface trap states
To represent CdSe/CdS core/shell QDs with a nanostructure that is computationally tractable, we chose a fixed core size of Cd 17 Se 17 , and a shell with fixed thickness and variable surface composition of Cd 39+/ÀX S 39À/+X . First, the stoichiometric core/shell QD Cd 17 Se 17 / Cd 39 S 39 was constructed from the bulk wurtzite structure and fully relaxed to its lowest energy configuration. Subsequently, we replaced one, two, and four Cd (S) atoms with S (Cd) atoms in the outer shell layer to simulate S(Cd)-rich QDs, and relaxed these structures to their lowest energy conformations. DFT calculations on larger cluster sizes, or on clusters with ligands, both of which better approximate the size of the measured QDs, would be desirable. However, in the current case the system of over 110 atoms is so large that computationally it is intractable to include significantly more atoms in the calculation. We recognize that for the Cd or S rich surfaces, maintaining charge neutrality without including ligands introduces additional reconstruction of surface atoms that may not be present on the larger QDs.
As could be seen from the projected density of states (PDOS) of Fig. 3 for a stoichiometric cluster, the highest occupied molecular orbital (HOMO) is dominated by S atoms with very little contribution from Se atoms, while the lowest unoccupied molecular orbitals (LUMO) is dominated by Cd atoms. The charge density plots show that the HOMO and LUMO states are localized in the opposite surfaces of the cluster (Fig. 3(a) ). CdSe/CdS QDs are quasi-type-I particles, wherein the electron is relatively mobile throughout both core and shell, while the hole sees a much larger potential energy barrier at the CdSe/CdS interface and, thus, is more localized in the core. A HOMO with significant contributions from the sulfur atoms in the shell is an interesting finding and presents a contrasting picture to this traditional particle-ina-finite potential well model for a ''core-shell" QD. Similar results are obtained for QDs with Cd-rich surfaces, although the HOMO-LUMO gap is reduced marginally (Fig. 3) . Narrowing of the gap is due to both decreased quantum confinement (as a result of the increased size of Cd atoms compared to S atoms) and appearance of defect states near the edges of the valence and conduction bands.
The situation is qualitatively different in QDs with S-rich surfaces. The PDOS plot reveals appearance of localized defect states in the mid-gap region, 0.6 eV below the conduction band edge (Fig. 3(c) ). Further increasing the concentration of surfaces S atoms in the nonstoichiometric clusters increases the number and width of the mid-gap surface states, as shown in Fig. S4 .
To understand the origin of the mid-gap states in the sulfur-rich QDs, we analyzed the bonding patterns and Mulliken charge distribution of these nonstoichiometric clusters. Due to nonmetallic character, S atoms require formation of covalent bonds. In contrast, Cd atoms form metallic bonds that are less directional than covalent bonds and can accommodate stoichiometric defects much more easily. S atoms are more mobile on the QD surface, creating dangling bonds in S-rich nonstoichiometric QDs. Mulliken charge distributions reveal that the charges on the S atoms responsible for the defects deviate from the charges of bulk S atoms as well as from the charges of surface S atoms in stoichiometric QDs. In particular, the defect S atoms are less anionic, indicating that chemical bonds are missing. On the other hand, even in highly nonstoichiometric Cd-rich QDs, structural reorganization prevents creation of dangling bonds.
The localized nature of the mid-gap states is particularly important and can play a crucial role in QD photophysical processes. Localized trap states can separate electrons and holes, causing a reduction in radiative decay rates. Further, localized states exhibit higher electron-phonon coupling [66, 67] , which are shown to provide efficient nonradiative recombination pathways for electrons or holes [67] [68] [69] . Thus, we may predict that QDs with a higher S concentration in the shell layer efficiently quench fluorescence via both a reduction in the radiative rate (due to decreased electron-hole overlap) and an increased nonradiative recombination rate (due to mid-gap surface trap states).
Effect of surface composition on fluorescence dynamics
Photoluminescence decay dynamics were measured for CdSe core-only QDs and for CdSe/CdS core-shell QDs for each subsequent application of cadmium or sulfur to test these predictions. As expected, and consistent with similar systems [70] , the observed lifetimes were found to be multi-exponential and comparable to literature values [33] . The multi-exponential nature of these ensemble measurements are indicative of surface trapping and recombination on many timescales [71] , as opposed to single exponential data, which signifies high quality, high quantum yield QDs with near-perfect surfaces.
Several interesting trends are observed in the PL lifetime data as subsequent layers of Cd or S are applied. In general, as the CdS shell grows larger, the PL lifetime increases (Fig. 4 ). This effect has been observed previously and attributed to reduced electron-hole overlap in the CdSe/CdS QD due to the electron delocalizing over the entire nanoparticle [33] . Upon application of each successive sulfur layer, the PL lifetime shortens compared to the previous cadmium terminated value (Fig. 4 ). This decrease in PL lifetime is accompanied by a drop in PL QY (Table S2 ). The opposite effect occurs with application of each successive Cd layer: the PL lifetime gets longer which is accompanied by an increase in PL QY (Table S2 ). We note that the application of the first Cd layer on a CdSe core QD (forming CdSe/Cd QDs) does not follow the overall trend seen as the CdS shell gets thicker. In general application of the first Cd-shell led to a small change in QY (Fig. 2) , with a proportional drop in the PL lifetime ( Fig. 4) . Thus, the change in QY is almost exclusively due to an increase in the non-radiative rate with the application of an additional Cd layer. As discussed in the previous theoretical section, the increase in non-radiative rate could arise from an increase in defect states near the conduction and valence band edges.
Using the definition of QY, QY = k r /(k r + k nr ), the impact of surface composition on the QD's radiative and nonradiative recombination rates can be characterized ( Fig. 4(d) ). The drop in QY in sulfur terminated QDs is due to both an increase in the nonradiative rate and a decrease in the radiative rate (compared to cadmium terminated surfaces). Both effects are consistent with the predictions of the DFTB calculations. The nonradiative rate increase originates from the increase in the number mid-gap hole states. Similar studies have found comparable patterns in CdTe nanoparticles with increasing telluride concentration on surfaces [19] , where hole traps and less passivated telluride surfaces contribute to increased nonradiative rates. Further, selenium rich surfaces on CdSe cores also produce insufficiently passivated particle surfaces [54] and comparable changes in fluorescent lifetimes [21] . The radiative rate decrease is consistent with localization of holes on surface sulfur atoms, which causes increased electronhole separation. The PL lifetime data for cadmium terminated QDs is also consistent with the DFTB calculations. Although the DFTB calculations indicate the LUMO wavefunctions are localized on the Cd atoms, Cd-termination does not lead to a high density of surface trap states and only a weak sensitivity of k r and k nr to the QD size are observed. Thus, we conclude that the mid-gap trap states (which are only observed in the sulfur terminated particles) are critical in mediating the PL QY of the core/shell particles.
Conclusions
CdSe/CdS QDs were synthesized using secondary phosphine chalcogenide and cadmium carboxylate precursors using a SILARtype method. This method allowed for well-controlled surface compositions that can be continually tuned from predominantly cadmium to predominantly sulfur termination. As seen in CdSe and CdS QDs, surface composition correlates with sample fluorescence intensity: chalcogen termination quenches PL intensity while metal termination restores QD PL. This surface termination photophysical effect is propagated into lifetime data, where nonradiative decay components drastically increase and dominate lifetimes, especially of sulfur terminated particles. DFTB analysis indicates the presence of midgap states arising from sulfur termination, in agreement with previous studies of bare cores. Despite the quasitype-I electronic heterostructure of these core/shell particles, these midgap states are shown by DFTB to act as hole traps on the surface, similarly to CdS core QDs. In conjunction with the theory, the drastic and reversible quenching of fluorescence on chalcogen terminated samples suggests that CdS is not an effective hole-confining shell for CdSe, as surface hole traps remain accessible in spite of the shell.
A notable implication of these findings is that sulfur terminated samples may provide more direct access to surface holes than their cadmium terminated counterparts. The inefficiencies of CdS as a hole confining shell, combined with the accessible hole trap states on the surface, make CdSe/CdS systems with sulfur termination viable candidates for QD-sensitized photocatalytic hydrogen generation systems [9, 10, 72] , where hole quenching in QDs by a sacrificial donor has been shown to be the rate limiting step [73] .
